heavily predated, significant export could result via carnivore faecal production. This more complex trophic web was shown to lead to higher export than simpler webs where the mesozooplankton graze directly on phytoplankton [(Wassmann, 1998) ; his Figure 7d) ].
Bradford-Grieve et al. (Bradford-Grieve et al., 1999) described the structure and functioning of the New Zealand SFZ ecosystem in austral winter and spring 1993. They showed that significant proportions (ca. 35%) of the phytoplankton stocks were in the picoplankton size range. Although ciliates contributed relatively small proportions of total biomass (5-20%), they were important grazers of pico-and nanoplankton in the Subtropical Front (STF), as well as the ST and SA waters either side of the Front, taking 41-126% of daily primary production (James and Hall, 1998) . Mesozooplankton biomass was greater, but removed < 4% of total integrated primary production in SA and ST water masses (Bradford-Grieve et al., 1998) . These characteristics indicated a high degree of recycling by an active community of smaller organisms in microbial food webs (Bradford Grieve et al., 1999) , and the potential for substantial transfer of carbon to higher trophic levels if copepod predation on microheterotrophs is strong.
The 1993 SFZ studies also showed that phytoplankton carbon ingested by copepods (based on gut pigment determinations) met only a small fraction of that required for their metabolic and growth requirements (Bradford-Grieve et al., 1998) . This is in common with numerous other studies showing that autotrophic prey alone fail to account for the nutrition of copepods in the oligotrophic open ocean [reviewed in (Zeldis, 2001) ]. Consequently, Bradford Grieve et al. (Bradford Grieve et al., 1998) suggested that SFZ copepods are largely dependent on ciliates as a carbon source, citing studies showing that their inclusion in the copepod diet provides substantial nutrition for open ocean copepods [e.g. (Gifford, 1993; Atkinson, 1996) ]. Bradford Grieve et al. (Bradford Grieve et al., 1998) calculated that if the SFZ copepods were assumed to exploit ciliates at rates sufficient to support their respiratory requirements alone, the entire ciliate standing stock would be turned over daily. Such high exploitation would imply that ciliates are both an efficient conduit for the transfer of carbon into exportable copepod faeces, and that their capacity to act as a recycling community would be compromised by predation, with implications for carbon export. Studies of copepod nutrition have also found that predicted nutritional deficits are greatest for larger (>1000 µm) copepods, even if they are considered to ingest microheterotrophs [ciliates and heterotrophic nanoflagellates (HNAN); (Gifford, 1993; Atkinson, 1996; Zeldis, 2001) ]. This implies that other food sources may be important in sustaining populations of large copepods.
Copepod predation on non-autotrophic prey within the SFZ has not been described. The aims of the present study were: (i) to describe the composition and biomass of phytoplankton, HNAN, ciliates and mesozooplankton communities in epipelagic SA and ST waters in October 1997 and August 1998, (ii) to determine copepod consumption rates of phytoplankton and ciliates, (iii) to determine whether copepod grazing and predation could provide sufficient carbon to meet their metabolic and growth requirements, and (iv) to calculate the effects of copepod omnivory on algal and microheterotroph stocks and production in the SFZ, and the implications for vertical export.
M E T H O D
Data were collected from two RV 'Tangaroa' voyages between October 19 and November 2, 1997 and August 22 and August 31, 1998, each of which sampled both sides of the STF east of New Zealand (Figure 1 ). Physical and biological samples were collected with a SeaBird 9/11 plus Conductivity-Temperature-Depth (CTD) Rosette package. Rosette Niskin bottle samples were taken from at least six depths to approximately 100 m at each station. Size-fractionated chlorophyll a (Chl a) and primary production measurements were obtained following methods detailed previously (Nodder, 1994) . Integrated biomasses and production were estimated by integrating over 100 m and to the depth of 1% penetration of photosynthetically active radiation (PAR), respectively.
Zooplankton composition and biomass
Ciliate biomass was estimated from Niskin water samples preserved with acid Lugol's iodine (1% final concentration), and enumerated following methods detailed by James and Hall (James and Hall, 1998) . The cell volumes of ciliates were estimated from approximated geometric shapes and converted to carbon biomass using a conversion factor of 0.19 pg C µm -3 (Putt and Stoecker, 1989) . Tintinnid ciliate volume was halved in the conversion to biomass to compensate for lorica volume (Beers and Stewart, 1967) . HNAN biomass was estimated from the same Niskin samples as ciliates, processed using the methods of Safi and Hall (Safi and Hall, 1997) . Mesozooplankton biomass was determined at each station from vertical hauls of a 0.5 m 2 circular ring net (200 µm mesh), hauled from approx. 100 m to the surface, using the net and tow methods described by Zeldis (Zeldis, 2001) . Each sample was quantitatively halved, one subsample was preserved (in 4% buffered formaldehyde) for identifications, and the other was split into size fractions by wet sieving through 1000, 500, and 200 µm mesh filters in a sieve tower before freezing (hereafter referred to as the 'large', 'medium' and 'small' size fractions, respectively).
In the laboratory, mesozooplankton were washed off the mesh filters onto pre-weighed Whatman GF/C filters, dried overnight at 60°C and then re-weighed. Dry weight (DW) was converted to carbon assuming a C : DW of 0.47 (Davis and Weibe, 1985) . Biomasses of microzooplankton and mesozooplankton were integrated over the upper 100 m.
Copepod clearance and ingestion rates estimated from incubations
Copepods for grazing and predation incubation experiments were collected with slow vertical net hauls (0.5 m s -1 ) over the upper 100 m at approx. 09:00 h. Collections were transferred to a 30 litre container full of recently collected, unfiltered seawater. Within 5 min, settled dead animals, large phytoplankton aggregates and detritus were siphoned off, and the remaining plankton was diluted into 15 litre pails of unfiltered seawater and stored overnight at sea-surface temperature. Next day (approx. 09:00 h), grazing incubations were prepared by filling 2 litre polycarbonate bottles with ambient water (screened at 200 µm) collected from 10 m depth using Niskin bottles. One 'time zero' subsample (250 ml) from each bottle was preserved with acid Lugol's iodine (1% final concentration) for enumeration of potential prey items. Another initial 250 ml subsample, filtered onto a 2 µm polycarbonate filter, was frozen for later fluorometric analysis of Chl a concentration (after 4 h extraction in 90% acetone in a refrigerator).
In October 1997, experiments were performed at three stations in each water mass. Two types of incubations were made: either by using a selection of copepods made irrespective of species, or by specifically choosing the large Neocalanus tonsus fifth stage copepodites (CV), when the latter were abundant in samples. In the former case, the incubations were dominated by large copepods (Table I) and are hereafter called 'large community' incubations. Actively swimming copepods were siphoned from the acclimation pails onto a submerged 200 µm sieve, and then dispensed into the incubation bottles (approx. 09:00 h). The numbers of animals used in the 'large community' incubations were variable (Table I) but were constant in the case of N. tonsus. Three replicate controls (no added copepods) were used in each experiment (see Results for treatment replicate numbers). The bottles were incubated under shade cloth in deck incubators, with flowing sea water at sea-surface temperature. The bottles were inverted gently every 4 h during incubations. After 24 h, the incubations were terminated and all the water from each bottle (including controls) was sieved at 200 µm to recover grazing copepods. These animals were frozen on filters, and later counted, rinsed with fresh water onto preweighed GF/C filters, dried overnight at 60ºC and weighed to determine copepod DW. A 250 ml aliquot of the sieved water was preserved in acid Lugol's iodine and later examined for prey items as above, and another was filtered (2 µm polycarbonate) and assayed for Chl a as above.
Subtropica l Front
In August 1998, incubations were only performed in SA waters, but clearance rates by each of the large, medium and small copepod size fractions were measured. Upon collection (approx. 09:00 h), the catch was sieved through the submerged sieve tower and the fractions were acclimated separately (24 h). After acclimation, actively swimming copepods were siphoned onto a submerged 200 µm mesh and dispensed into the incubation bottles (approx. 09:00 h). These three size fractions of copepods spanned a wide range of individual dry weights (Table I) . Again, variable numbers of animals were used in the incubations. Three controls without added copepods, and three replicates in each size fraction were used. Unlike in October 1997, when incubations were sampled only at 24 h, the incubations in August 1998 were sampled at 12 h and 24 h.
Clearance of Chl a and ciliates by copepods was calculated using Frost's equations (Frost, 1972) , and converted to specific ingestion rates by multiplying by the mean carbon concentrations of phytoplankton >2 µm and ciliates derived from Niskin bottle sampling, integrated over the upper 100 m. Phytoplankton carbon (PC) >2 µm in SA waters in spring 1998 was estimated using the slope of the regression of PC to Chl a in the euphotic zone [(Falkowski et al., 1983; Dam et al., 1993) ; Figure 2 ]. It was assumed that the slope represented the amount of carbon due to the phytoplankton. Clearance rates of HNAN were not determined directly, and it was assumed that they were cleared at the same rates as phytoplankton >2 µm (see Discussion). Ingestion of HNAN was calculated by multiplying these clearance rates by HNAN carbon in Niskin samples. The ingestion rates were compared with size-specific copepod respiration requirements estimated by Dagg et al. (Dagg et al., 1982) , after correction for egestion losses (Landry et al., 1984) , to compare food intake with metabolic and growth requirements. Copepod community ingestion was estimated by multiplying specific ingestion rates by the appropriate mesozooplankton size fraction biomasses, integrated over the upper 100 m. These community ingestion rates were compared with standing stocks and production of phytoplankton, HNAN and ciliates in the upper 100 m. To estimate HNAN production, it was assumed that the production : biomass ratio for HNAN was the same as for phytoplankton <2 µm [consistent with balanced growth and grazing observed between HNAN and their prey in spring (James and Hall, 1998) ], and that ciliate production rate was 0.3 day -1 [approximately the mean of estimates tabulated by (Kiørboe, 1998) ].
JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Diel differences in gut pigment content of copepods were examined using mesozooplankton tows made during the day (10:00-12:00 h) and night (22:00-24:00 h) through the upper 100 m in August 1998, in SA waters. Three tows were made at night, but only one in daytime. Upon recovery on deck, the zooplankton were immediately anaesthetized with carbonated water, sieved through the 1000, 500, and 200 µm submerged sieve tower, transferred to GFF filters, and frozen at -20ºC. On shore, samples were processed according to the methods of Bradford-Grieve et al. (Bradford-Grieve et al., 1998) , to obtain dry weight and gut pigment content. No correction was made for possible pigment destruction in the gut (Bradford-Grieve et al., 1998) .
R E S U LT S Plankton biomass, size and taxonomic structure
Integrated phytoplankton Chl a (total) levels were similar in October 1997 and August 1998 for both water masses (Table II) . Between 35% and 50% of phytoplankton Chl a was in the <2 µm fraction in ST and SA waters, respectively, and was therefore unlikely to be grazed in significant amounts by copepods (see Discussion). Pico-and small nanophytoplankton (<5 µm) dominated the phytoplankton Chl a, contributing 56-77% of the total. The biomass of HNAN was greatest in August 1998, particularly in SA waters, when there was a high proportion of phytoplankton <2 µm. The mean size of HNAN cells (spherical diameter) in October 1997 was 3.4 µm (sizes were not available for ST waters, but were assumed to be equal to SA waters for biomass calculations). In August 1998 the mean HNAN cell sizes were 5.1 and 4.4 µm in SA and ST waters, respectively. Ciliate biomass was greater in October 1997 than August 1998. Small, naked, choreotrichs <25 µm (2000-4000 animals per litre) dominated the ciliate biomass at all stations in both years. Among the mesozooplankton, Neocalanus tonsus (predominantly juveniles) dominated day and night in October 1997 (Table III) , reflecting this calanoid's annual spring migration to surface waters, where they feed mainly to fuel somatic growth (Ohman, 1987) . Additional N. tonsus, and also Pleuromamma, moved into the upper 100 m at night. Small and medium size fractions were dominated by adult Oithona similis, juvenile calanids, adult Oncaea and juvenile euphausids. The main carnivores were chaetognaths. In August 1998, N. tonsus was less abundant, with euchaetids, Pleuromamma and Calanus australis relatively more abundant. The small and medium size fractions were dominated by O. similis adults, calanid juveniles and euphausid juveniles. Major carnivores at this time were chaetognaths and hyperiid amphipods and, along with euphausids, contributed substantial biomass and numbers to the large size fraction. Greatest biomass was within the large size fraction (Table IV) , especially in October 1997 when it was dominated by N. tonsus ( Table III) . The smallest size fraction (200-500 µm) contributed only 7% of biomass in October 1997 (Table  IV) , reflecting the dominance of the large size fraction. The biomass distribution was more even in August 1998, before the seasonal migration of N. tonsus was well developed, with higher proportions of small and mediumsized biomass. August 1998 in Subantarctic (SA) and Subtropical (ST) . All values are integrated over the upper 100 m, (n = 3 stations in each year and water mass), except for primary production (integrated to the 1% light depth) and mesozooplankton (means for 1 night and day tow at each station)
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Table II: Biomass and production averages (1 SE) for phytoplankton and heterotrophs in October
October 1997 SA 0.23 (0.04) 49 (5) 16 (2) 28 (2) 7 (4) 439 (70) 183 (33) 170 (7) 267 (137 
Copepod clearance rates
In October 1997, clearance rates determined over 24 h were higher for ciliates than for phytoplankton for 'large community' and N. tonsus copepods in both SA and ST water masses ( Figure 3A ). In fact, the Chl a clearance rates determined over 24 h were very low, or even negative, indicating little net grazing over 24 h. In August 1998 in SA waters, incubations were sampled at 12 and 24 h ( Figure 3B ) for clearance by three copepod size fractions.
In the first 12 h, ciliates were again cleared much faster than phytoplankton. Clearance by the large size fraction was much higher than for the large animals in October 1997 ( Figure 3A ), and increased with decreasing copepod size. The predation was so intense that ciliates were reduced to ca 10% of initial concentrations after 12 h (not shown) in these incubations. In the second 12 h interval, however, clearance rates were low for all copepod sizes and were more variable (compare relative sizes of standard errors and means, for 12 and 24 h in Figure 3B ). The low clearance rates in the 24 h experiments in 1997 and in the 12-24 h interval in 1998 suggested that there was appreciable bias in the clearance rate method related to time of sampling (see Discussion). Another experimental bias was evident, apparently related to stocking density of copepods in the bottles. As described in the Method, varying numbers of copepods were introduced to these incubations (Table I) . The August 1998 clearance rates, determined between 0 and 12 h for Chl a and ciliates, were negatively related to copepod dry weight in the incubations ( Figure 4A ,B: in this analysis clearance rates and weights were normalized within size fractions to allow comparability across the size fractions). Thus, mean clearance rates appear to have been underestimated, even in (61) N (n = 2) 7 (5) 18 (10) 75 (26) 566 (206) ST D (n = 3) 8 (1) 17 (4) 76 (5) 782 (297) N (n = 3) 6 (2) 12 (0) 82 (2) 1228 (181) August 1998 SA D (n = 2) 23 (4) 24 (1) 53 (5) 1292 (1023) N (n = 3) 32 (5) 31 (3) 38 (5) 1249 (1020) ST D (n = 2) 29 (5) 27 (7) 45 (12) 254 (19) N (n = 3) 12 (3) 35 (20) 52 (19) 634 (112) a.
b. Copepods collected day and night in SA waters in August 1998 had similar levels of gut phaeopigment within each copepod size class ( Figure 5 ), suggesting little diel variation in feeding rate. In particular, there was no suggestion that feeding ceased at night.
1997
Copepod ingestion rates
Because of the apparent bias in clearance rates estimated in the October 1987 experiments and in the 12-24 h interval in the August 1998 experiments, ingestion rates were estimated using only the August 1998 0-12 h results (Table V) , for the three size fractions of copepods. For the small copepods (mostly juvenile calanids and adult O. similis), ingestion was spread evenly across food types, with HNAN contributing substantially because they were abundant (Table II) . Ciliates also were important because they were cleared rapidly ( Figure 3B ). Daily ingestion was 26% of body carbon, easily covering respiratory requirements and supplying substantial carbon for growth (Table  V) . For the medium size fraction (mostly Clausocalanus, Metridia and calanid juveniles), ingestion nearly balanced respiratory demands, but supplied nothing for growth. For the large copepods, only about 25% of respiratory requirements were met, again with nothing for growth. Applying the extrapolated 'maximum' clearance rates ( Figure 4A,B) indicated that the small and medium size fractions obtained surpluses of carbon equivalent to 39% and 5% of body carbon, respectively, after accounting for respiration and egestion, while the large fraction ingested only 59% of carbon required for respiration and hence still had a deficit (equivalent to 3.2% of body C) in carbon for growth.
Community effects
Very low percentages (3%, assuming maximal clearance rates) of standing phytoplankton and HNAN stocks were ingested per day by the copepod community (Table VI) . Maximal consumption of ciliate stocks was 11%, most of which was contributed by the small copepod size fraction. Consumption of production was <10% for phytoplankton and HNAN, but up to 38% for ciliates. Again, the smallest size fraction consumed most. This analysis might have over-estimated consumption by the large copepod size fraction, because a significant proportion of the >1000 µm biomass was not copepods, and was strictly carnivorous [large chaetognaths and amphipods; (Bradford-Grieve et al., 1998) ], or detritivorous [euphausids; (Ritz et al., 1990) ] (Table III) .
D I S C U S S I O N Prey selection and experimental effects on copepod clearance rates
Our study showed that copepods selectively removed ciliates. All incubation experiments in 1997 and 1998 showed a clear preference (as higher clearance rates) for ciliate prey over phytoplankton (measured as Chl a), consistent with a number of other studies (Stoecker and Egloff, 1987; Kleppel et al., 1988; Wiadnyana and Rassoulzadegan, 1989; Verity and Paffenhöfer, 1996; Merrell and Stoecker, 1998) . The literature, however, offers no explanation for the near zero or negative clearance of Chl a we observed in October 1997 and August 1998, in samples taken at 24 h ( Figure 3A,B) . The August 1998 samples taken at 12 h, which yielded much higher Chl a and ciliate clearance rates, provided a possible explanation: as the incubations proceeded, algal growth in treatments was higher than algal growth in controls, because algae in treatments were released from ciliate grazing pressure as the ciliates were consumed by copepods. This created an apparent low or negative algal grazing rate, even if some copepod grazing did actually occur, resulting from the correction for control growth. This argument is supported by the greater decline in treatments of Chl a, between 0 and 12 h (0.12 µg l -1 ) than between 12 and 24 h (0.02 µg l -1 ), in the August 1998 experiments. In contrast, control Chl a declined by 0.01 µg l -1 between 0 and 12 h, and by 0.05 µg l -1 between 12 and 24 h. Thus, control algae declined faster than treatment algae, in the second interval. Another explanation could be that the copepods actually did completely stop feeding at night, which corresponded to our 12-24 h incubation interval. However, we found little difference in the gut pigment content of fieldcollected copepods from day and night samples, in SA waters in August 1998, a similar result to that of Bradford-Grieve et al. (Bradford-Grieve et al., 1998) for SA copepods in winter and spring 1993. Thus, there was no field evidence of a strong diel rhythm in feeding which would explain the incubation results.
The marked decline in ciliate clearance during the second interval of the August 1998 experiments ( Figure  3B ) was probably due to ciliates being very rare in treatments (10% of starting densities) by the start of the second interval. The high variability in ciliate clearance rates in the second interval was probably a consequence of these low prey densities (Wiadnyana and Rassoulzadegan, 1989 ). The 1998 results indicated that in the 1997 experiments, which were sampled only at 24 h, it was likely that the animals had reduced ciliate food concentrations to low levels in <12 h. This may have caused food limitation, and reduced estimates of ciliate clearance, determined over 24 h. The biomasses of copepods used in these experiments (0.2, 0.7, 2.4 mg DW l -1 for small, medium and large animals, respectively) were sufficient to clear the 2 litre flasks about once in 12 h, based on the August 1998 0-12 h clearance rates. The fact that some ciliates were left in the 2 litre bottles after 24 h suggests that feeding rate had indeed slowed as prey stocks became very dilute, consistent with a sub-threshold feeding functional response (Frost, 1975; Landry and Lehner-Fournier, 1988) . In summary, clearance rates determined for phytoplankton and ciliates over 24 h incubations October 1997 and between 12 and 24 h in August 1988 appeared to be large under-estimates, due to prey depletion and trophic interactions within bottles. We therefore consider the August 1998 0-12 h rates more accurate representations of true clearance rates for phytoplankton and ciliates.
A further bias in these experiments appeared to be related to the numbers of animals incubated per bottle. There were significant negative relationships detected between grazer density in bottles and clearance rate ( Figure 4A,B) for phytoplankton and ciliates. Although imprecise, these results suggested that clearance rates were under-estimated even in the August 1998, 0-12 h incubations. True clearance rates probably lay between the Clearance rates from 0-12 h incubations were used. '% respiratory demands met' is: ingestion (as µg C mg C -1 day -1 ) / respiration ϫ 100. 'C for growth' is (ingestion (as µg C mg C -1 day -1 ) ϫ 0.8 -respiration) ϫ 100, where 0.8 scales for non-egested proportion. Values calculated assuming 'maximum' clearance rates indicated by a (see text).
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average values calculated for the 0-12 h incubations, and the 'maximum' values obtained by back-extrapolating to zero copepod density in the bottles (these 'maximum' values were generally about twice the values estimated for the mean densities). A similar, negative effect of grazer density on clearance rate was isolated by Peters and Downing (Peters and Downing, 1984) in their meta-analysis of clearance rate studies for calanoid copepods. They identified a positive effect of container volume, but they suggested that this actually expressed a negative effect of crowding. Interestingly, these authors also isolated 'length of experiment' as a significant negative effect on clearance rate. Our results suggest that a component of this may have been the effects of food depletion.
Comparative copepod clearance rates
For N. tonsus, Atkinson (Atkinson, 1996) measured relatively low Chl a clearance rates (ca. 200 ml mg DW -1 day -1 ) and ciliate predation rates (ca. 500 ml mg DW -1 day -1 ) over 24 h incubations. His ciliate predation rates were similar to our October 1997 24 h results, but less than our August 1998 12 h results ( Figure 3A,B ). We also found higher feeding rates for small-and medium-sized copepods in our 0-12 h samples, than did Atkinson (Atkinson, 1996) for Oithona spp. and medium-sized calanid juveniles, over 24 h. However, Atkinson's Southern Ocean rates were unlikely to be affected by the depletion and trophic effects identified above, because most of the ciliate prey (80-95%) remained after 24 h in his experiments, even though stocking densities in his incubation bottles were similar to ours, for all size classes. Similar to our SFZ results, Chl a in Southern Ocean experiments was cleared by large copepods (including N. tonsus) at lower rates than ciliates (Atkinson, 1995 (Atkinson, , 1996 Zeldis, 2001) . In the subarctic Pacific, Gifford (Gifford, 1993) found that the similarly sized N. plumchrus and the larger N. cristatus cleared ciliates and large phytoplankton (>20 µm) at rates of 1700 and 800 ml mg DW -1 day -1 , respectively. This ciliate clearance rate was similar to our August 1998, 0-12 h ciliate clearance rate for the >1000 µm size fraction ( Figure 3B ).
We recorded much higher weight-specific clearance rates for small animals than for large animals. This dependence on size is expected from allometry, and it was isolated as the most important explanatory variable for clearance rate in the meta-analysis of Peters and Downing (Peters and Downing, 1984) . Atkinson (Atkinson, 1996) showed that small-sized Oithona and medium-sized Metridia/Clausocalanus copepodites cleared at rates of ca. 2000 and 1000 ml mg DW -1 day -1 , respectively, which were an order of magnitude higher than for large copepods in the Southern Ocean. These rates for Southern Ocean Oithona, however, were much lower than we measured for the 200 µm fraction ( Figure 3B ) composed of Oithona and small calanoid juveniles: 5600 ml mg DW -1 day -1 (for Chl a) to 28 000 ml mg DW -1 day -1 (for ciliates). Our clearance rates were similar to those measured for temperate coastal species such as Acartia clausi and Centropages hamatus feeding on ciliates [4000-15 000 ml mg DW -1 day -1 ; (Tiselius, 1989) ].
Specific ingestion and copepod nutrition
A main aim of this study was to determine whether ingestion of ciliates and other microheterotrophs made up for the reported shortfall between carbon ingested and carbon required for metabolism and growth of copepods in the SFZ (Bradford-Grieve et al., 1998) . To address this, we assumed that the August 1998 0-12 h rates represented true clearance rates much more realistically than the October 1997, 0-24 h rates or the August 1998, 12-24 h rates, for the reasons discussed above. We also assumed that copepods consumed phytoplankton as small as 2 µm with 100% efficiency. Although this size is a commonly used minimum for feeding studies of both large (Landry and Lehner-Fournier, 1988 ) and small (Lampitt and Gamble, 1982; Støttrupp and Jensen, 1990) copepods, it is possible that clearance efficiency declines for larger copepod species at cell sizes less than 3 to 6 µm (Støttrupp and Jensen, 1990; Nakamura and Turner, 1997) . If the 2-5 µm phytoplankton fraction was unavailable to the large copepods, their estimated ingestions were reduced by about 20%. Finally, we assumed that HNAN were cleared at the same rates as Chl a. HNAN have been identified as potentially important prey items for marine copepods in a number of studies [reviewed in (Sanders and Wickham, 1993) ]. Stoecker and Capuzzo's data (Stoecker and Capuzzo, 1990) showed that HNAN was cleared by Acartia tonsa at rates similar to our small-and medium-sized copepod clearance rates for phytoplankton (ca 1000-2000 ml mg DW day -1 ). The autotrophic and heterotrophic nanoflagellates that were abundant in SA waters in August 1998 were between 5 and 6 µm diameter (K. Safi, NIWA personal communication), so they would have been edible, albeit at potentially reduced efficiencies relative to larger cells (Nakamura and Turner, 1997) .
Ciliates and HNAN were found to be important components of the diets of large copepods in spring SA waters (Table V) , contributing as much or more carbon as was contributed by phytoplankton. Phytoplankton and microheterotrophs supplied a minimum of 1 to 2% of body carbon day -1 to large copepods in SA waters, or about 20% of the carbon required for respiration [about 6% of body carbon: estimated for Bering Sea N. cristatus (Dagg et al. 1982) ]. If 'maximal' clearance rates of phytoplankton and microheterotrophs were used, about half of the respiratory demands were met. However, in no case was there sufficient carbon to meet the 2% of body carbon day -1 required for growth, after respiration and egestion losses (Dagg et al., 1982) . Thus, even with supplements provided by microheterotrophs, there were large deficits between carbon ingested and carbon required for respiration and growth of large copepods during the spring in SA waters.
This carbon deficit for large copepods parallels that found by Gifford (Gifford, 1993) in the subarctic Pacific, where low phytoplankton levels were insufficient to supply minimum carbon required for respiration by N. plumchrus (Dagg and Walser, 1987) . Gifford (Gifford, 1993) showed that if the diet was considered to be comprised of ciliates and HNAN, ingested carbon nearly met the respiratory requirements of subarctic Pacific N. plumchrus. Nevertheless, these animals still had no apparent scope for growth, after taking into account respiration and egestion. In contrast, in the high Chl a environment of the Bering Sea (>5 µg l -1 ), the total carbon requirements for N. plumchrus were fully met (Dagg et al., 1982; Dagg and Wyman, 1983) . Similar results were obtained in the Southern Ocean, where large copepods acquired sufficient rations in higher Chl a waters (3-4 µg Chl a l -1 ) in spring, near South Georgia (Atkinson, 1994; Atkinson et al., 1996) , and in the Polar Front (Dubischar and Bathmann, 1997) . In summer at South Georgia, ingestion was only 10 to 30% of respiratory requirements (Atkinson, 1996) when Chl a concentration was 0.7 µg l -1 , and even lower rations were found by Zeldis (Zeldis, 2001) in iron-fertilized Southern Ocean waters (even after the iron enrichment had allowed Chl a to reach a mean of 0.8 µg l -1 ). Lower respiratory requirements, specifically for C. acutus and R. gigas (ca 3.8% to 1.8% of body C day -1 ), were tabulated by Atkinson et al. (Atkinson et al., 1996) , suggesting that requirements may vary depending on ecological circumstances [see also (Ohman, 1987) ]. However, over extensive regions in both hemispheres, large calanoids do not appear to obtain rations (based on phytoplankton and microheterotrophs) that enable growth, except where phytoplankton levels are high. These high levels do not occur in the SFZ, outside of the Subtropical Front area itself (Bradford-Grieve et al., 1999) . It is therefore difficult to see how the large SA copepods subsist or grow, without positing other sources of nutrition.
Another food source could be the abundant, small (200-500 µm) cyclopoid and calanoid copepods (Table  IV) . The high specific productivity of this size fraction (ca 12-39% of body C ingested day -1 for growth: Table V) suggests that its somatic and egg production could provide food for large carnivorous copepods. To analyse this possibility in a model framework, the following assumptions were made: (i) small cyclopoid and calanoid biomasses suffer a daily mortality rate of 0.1 (Kiørboe and Sabatini, 1994) , as do the eggs of cyclopoids which are carried (ibid); (ii) small calanoids (35% of SA and 26% of ST 200-500 µm biomass) produce freely spawned eggs at specific rate of 0.25 day -1 , and these eggs suffer daily mortality of 1.0 (Kiørboe and Sabatini, 1994) ; (iii) all of these mortalities are due to predation by the large, >1000 µm, fraction (including large copepods, amphipods, chaetognaths, etc.). The total carbon flow to the large size fraction day -1 from small copepods was thus calculated to be about 30 mg C m -2 day -1 , which is within the range of 'C available for growth' of the small copepods (Table V) . This carbon was equivalent to 12% of the biomass of the large size fraction, averaged over all August 1998 SA stations (Table  IV) . About 45% of this carbon production was from calanoid eggs. If the carbon was uniformly spread through all components of the large size fraction (including copepods) the negative value (ca -4%) of 'C for growth' for the large copepods (Table V) would become positive (ca 8%) which easily exceeds the daily growth requirement (2% of body C) for N. cristatus (Dagg et al., 1982) . Thus, the small copepods appear to be productive enough to sustain heavy predation, and to supply the large animals' carbon requirements for growth.
The main copepods of the large size fraction in spring 1997 were N. tonsus, and in 1998 were euchaetids, Pleuromamma and N. tonsus. Although often considered a herbivore (Bradford-Grieve et al., 1998) , N. tonsus can prey on small zooplankton: in selectivity experiments using incubations N. tonsus CVs obtained about half their food from Artemia nauplii (467 µm length), when feeding in phytoplankton/Artemia mixtures (Ohman, 1987) . Copepod carnivory was described in seven species (Landry and Fagerness, 1988) . Among them, Neocalanus cristatus and Euchaeta elongata cleared 500 µm copepod prey at high rates (ca 0.4 to 1.0 l individual -1 day -1 ). Pleuromamma is also known as a carnivore (Bradford-Grieve et al., 1998) . This indicates that, at least at the generic level, the common large spring SFZ copepods are potential carnivores. Paffenhöfer and Knowles (Paffenhöfer and Knowles, 1980) considered that cannibalism might be common among calanoid and cyclopoid copepods (Lonsdale et al. 1979) . However, we know of no other studies which have examined the trophodynamic implications of predation by large on small copepods, within marine copepod communities.
For small and medium-sized copepods, the experiments in August 1998 showed that food intake based on phytoplankton and microheterotrophs was much greater relative to respiratory and growth requirements than intake estimated for large copepods (Table V) . Microheterotrophs were very important in the diets, consistently providing more or the same amount of carbon than phytoplankton. About half of this prey may have been from HNAN. This is consistent with other studies showing that microheterotrophs support substantial growth in copepod populations [(Stoecker and Egloff, 1987; Ohman and Runge, 1994) ; reviewed by (Stoecker and Capuzzo, 1990; Kleppel, 1993) ]. James and Wilkinson ( James and Wilkinson, 1988) summarized growth requirements for small and medium-sized copepods: for Oithona, a ration of 11% (of body C) day -1 was required and, for larger Paracalanus (considered similar to our medium-sized copepods for the present purpose), a ration of 9% day -1 was required. Assuming these requirements apply within the size classes we used, the small copepods were meeting respiratory and growth requirements (Table V) . This result parallels that of Nakamura and Turner (Nakamura and Turner, 1997) for O. similis feeding on mixed diets. Medium-sized copepods exceeded respiratory requirements if maximal clearance rates were assumed, but did not obtain sufficient food to sustain growth. This suggests that cannibalism may be important in this size fraction also.
Overall, using incubation experiments, we estimated much higher ingestions for all sizes of SA copepods in spring than did Bradford-Grieve et al. (Bradford-Grieve et al., 1998) , who used gut pigment determinations to estimate ingestion. They showed that no copepods in any water mass or season ingested >16% of their respiratory requirements, let alone acquired carbon for growth. A component of these lower ingestions would have been that the gut pigment method does not account for ingestion of non-phytoplankton prey, which we show typically is more than half of the ration.
Community ingestion and vertical flux
Summed daily consumption of phytoplankton stock and production by the copepod size fractions >200 µm in August 1998 in SA waters was small (maximum 3-7%, respectively). It is likely, given the small removals in SA waters, that even weaker effects were occurring in the ST system in August 1998, which had lower mesozooplankton biomasses than SA waters (Table IV) . A number of studies have shown similar low removals by oceanic copepod communities Razouls et al., 1998) for Antarctic waters; (Dam et al., 1993; Head et al., 1999) for the North Atlantic; and (Dagg, 1993; Cowles and Fessenden, 1995) for the North Pacific], all of which concluded that the ambient copepod communities had no potential to control phytoplankton production.
It is the microheterotrophs (HNAN and ciliates) which have greatest effects on spring pico-and small nanophytoplankton production in SA and ST waters of the SFZ (James and Hall, 1998) . These authors found very high rates of grazing on picophytoplankton and small nanophytoplanton by ciliates and HNAN (average 100-117% in winter, 40-78% day -1 in spring) and that this grazing was tightly coupled with the growth of the small phytoplankton. In common with the spring 1993 results of Bradford-Grieve et al. (Bradford-Grieve et al., 1999) , our results (Table II) showed a consistent dominance of pico-and small nanophytoplankton (<5 µm): 56-77% of total Chl a. The omnivorous feeding behaviour we have demonstrated for copepods therefore implies that ciliates and HNAN represent an important conduit for phytoplankton <2 µm, otherwise unavailable to copepod grazers, to enter the mesozooplankton.
Strong omnivorous feeding by the copepods also raises the possibility that they could control microheterotroph production in the SFZ, and therefore govern a 'trophic cascade' [cf. (Verity and Smetacek, 1996) ] from copepods to the base of the food web. However, based on our assumed HNAN and ciliate production rates (see Method), it does not appear that SA copepods were controlling HNAN or ciliate production in spring (Table VI) . This contrasts with a number of coastal studies showing that copepods can control ciliate production (Smetacek, 1981; Dolan, 1991; Kivi et al., 1993; Nielsen and Kiørboe, 1994; Miller et al., 1995) . We have found few accounts of copepod predation pressure on ciliate populations in the open ocean. The large oceanic copepod N. plumchrus exerted strong predation pressure (ca 100% day -1 ) on ciliate stocks in the subarctic Pacific (Gifford, 1993) . This was estimated using a ciliate production estimate of 0.10 day -1 from the NE Pacific (Landry et al., 1993) , which was unusually low [cf. (Kiørboe, 1998) ], possibly because predators may not have been fully excluded in their ciliate incubations (Landry et al., 1993) . Thus, the potential role copepod predation has in checking oceanic ciliate populations is not clear, partly because it depends on knowing the ciliate production rate. We are not certain of this for SA ciliates, but it would need to be very low (ca 0.05) to indicate predator control of ciliate production in spring.
Although apparently not controlling ciliate production, copepods were nevertheless estimated to be removing substantial daily production from the ciliate community (up to 38%; Table VI ). To this extent, the potential for the ciliate populations to regenerate nutrients from their pico-and nanoplankton prey was compromised. According to the conceptual model of Wassmann (Wassmann, 1998) , this would lower the retention of regenerated material in the epipelagic microbial food web, and channel it toward copepod faecal production and potential vertical flux composed of microheterophic material. Cannibalism among copepods potentially adds another source of vertical flux, within the faeces of large copepods generated from small copepod production. Therefore, copepods embedded within complex, omnivorous food webs including herbivory, predation and cannibalism have potential to generate vertical export fluxes exceeding those of more simple food webs (Wassmann, 1998) . So how significant is this export potential, relative to measured vertical fluxes, within SFZ waters?
Export of particulate organic carbon from spring, SA waters was 10-15 mg C m -2 day -1 , when measured in sediment traps moored at 300 m, August to December 1996 (Nodder and Northcote, 2001) . This export can be compared with an estimate of production of egested material from the SA copepod community in August 1998. This calculation multiplies the summed carbon ingested by copepods across food types (Table VI) by 0.2, to account for egested carbon mass (Landry et al., 1984) , and estimates that 26 mg C m -2 day -1 ϫ 0.2 Х 5 mg C m -2 day -1 was egested. This is a minimum estimate, based on mean clearance rates and not including possible 'cannibalistic' flux, but it nevertheless amounts to half to onethird of the measured SA export rates. Thus, copepod faeces could be a major vehicle for initiating export because their production, while being a small proportion of primary production, is a relatively large proportion of measured export from the surface mixed layer.
Conclusion
Our approach in this study has been to examine trophodynamics in a size-structured manner, rather than focusing on individual species. This is in common with a number of other oceanic trophic studies [reviewed by (Dam et al., 1993) ], including those in the SFZ region (Bradford-Grieve et al., 1998 . We have estimated clearance and ingestion by size classes of copepods, and it is likely that the species within the classes may exhibit contrasting food gathering behaviours and capabilities, which we do not resolve. However, the size-structured approach is useful for characterizing the flow of materials in ecosystems. We have shown that the copepods that make up the small size fraction, with high grazing, predation and production rates, are important because they consume substantial amounts of microheterotrophs and thereby channel production by picophytoplankton into potentially exportable faecal material. Large copepods, in turn, may consume substantial amounts of small copepod production to sustain their own production. Overall, omnivory is very important for the nutrition of SFZ copepods and, potentially, for vertical export flux. To better understand these effects we need more information on particular aspects of the SFZ trophic web: these include the productivity of ciliates and HNAN, and the predation rates that different size classes of copepods exert on various microheterotrophs and amongst themselves. It would be appropriate to determine these on a taxon-and size-specific basis.
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